Germline cells reprogramme extensive epigenetic modifications to ensure the cellular totipotency of subsequent generations and to prevent the accumulation of epimutations. Notably, primordial germ cells (PGCs) erase genome-wide DNA methylation and H3K9 dimethylation marks in a stepwise manner during migration and gonadal periods. In this study, we profiled DNA and histone methylation on transposable elements during PGC development, and examined the role of DNA replication in DNA demethylation in gonadal PGCs. CpGs in short interspersed nuclear elements (SINEs) B1 and B2 were substantially demethylated in migrating PGCs, whereas CpGs in long interspersed nuclear elements (LINEs), such as LINE-1, were resistant to early demethylation. By contrast, CpGs in both LINE-1 and SINEs were rapidly demethylated in gonadal PGCs. Four major modifiers of DNA and histone methylation, Dnmt3a, Dnmt3b, Glp and Uhrf1, were actively repressed at distinct stages of PGC development. DNMT1 was localised at replication foci in nascent PGCs, whereas the efficiency of recruitment of DNMT1 into replication foci was severely impaired in gonadal PGCs. Hairpin bisulphite sequencing analysis showed that strand-specific hemi-methylated CpGs on LINE-1 were predominant in gonadal PGCs. Furthermore, DNA demethylation in SINEs and LINE-1 was impaired in Cbx3-deficient PGCs, indicating abnormalities in G1 to S phase progression. We propose that PGCs employ active and passive mechanisms for efficient and widespread erasure of genomic DNA methylation.
INTRODUCTION
In mammalian development, the fertilised oocyte generates diverse cell types that possess distinct gene expression profiles without changes in the primary sequence of the genome. These cell-specific transcriptional profiles are established and fixed in part through epigenetic mechanisms, including cytosine methylation and histone tail modification, which are mitotically heritable (Bird, 2002; Peters and Schübeler, 2005) . By contrast, epigenetic modifications are extensively reprogrammed in early embryo and primordial germ cells (PGCs), the precursors of both oocytes and spermatozoa (Sasaki and Matsui, 2008) . PGCs are specified from most proximal epiblast cells, accompanied by the induction of Blimp1 (Prdm1 -Mouse Genome Informatics) and Prdm14 expression in mice (Ohinata et al., 2005; Yamaji et al., 2008) . Subsequently, PGCs initiate migration towards future genital ridges through the hindgut and mesentery. Gonadal PGCs execute genome-wide demethylation, including erasure of parental imprints, to re-establish sex-specific imprints during subsequent gametogenesis (Hajkova et al., 2002) . It has been shown that genome-wide epigenetic states of Blimp1-positive PGC precursors are indistinguishable from those of surrounding somatic cells at around embryonic day (E) 6.75 (Seki et al., 2007) . Subsequently, PGCs erase global DNA methylation and histone H3 lysine 9 dimethylation (H3K9me2), after which H3K27me3 is induced throughout the genome during hindgut migration (Seki et al., 2005; Seki et al., 2007) . Whole-mount immunofluorescence analysis using anti-5-methylcytosine antibody and locus-specific bisulphite sequencing analysis have provided evidence that DNA demethylation in PGCs occurs in a two-step manner during the migration and gonadal periods (Guibert et al., 2012; Seki et al., 2005) . Recently, whole-genome bisulphite sequencing (BS-Seq) has elucidated the actual dynamics of global and locus-specific DNA methylation in developing PGCs (Kobayashi et al., 2013; Seisenberger et al., 2012) . It has been suggested that genome-wide epigenetic reprogramming in PGCs plays an essential role in resetting epigenetic states, which are initially established during early embryogenesis, reacquiring cellular totipotency and preventing the accumulation of transgenerational epimutations.
DNA demethylation occurs through passive or active mechanisms. Passive DNA demethylation is triggered by the inhibition of the maintenance activity of DNA methyltransferases that accompany de novo DNA synthesis during DNA replication (Wu and Zhang, 2010) . By contrast, active enzyme-catalysed DNA demethylation results in the removal of the methyl group from 5-methylcytosine (5mC) . In plants, 5mC glycosylases and the base excision repair pathway are involved in active DNA demethylation (Zhu, 2009) . Although mammalian homologues of 5mC glycosylases have not been identified, there is evidence that the base excision repair (BER) pathway modulates 1 RESEARCH ARTICLE Passive demethylation in PGCs active DNA demethylation in the paternal pronucleus (Gu et al., 2011; Hajkova et al., 2010; Iqbal et al., 2011; Wossidlo et al., 2011) . Moreover, it has been reported that hydroxylation of 5mC to 5-hydroxymethylcytosine (5hmC), catalysed by ten eleven translocation (TET) proteins, is the first step of active DNA demethylation in the BER pathway in mammals Ito et al., 2011) . Although none of the 12 known human DNA glycosylases has been shown to act on 5hmC, 5-hydroxymethyluracil (5hmU), which is generated by the deamination of 5hmC by activation-induced cytosine deaminase (AID; AICDA -Human Gene Nomenclature Database), is the preferred target for DNA glycosylases, such as single-strand selective monofunctional uracil DNA glycosylase (SMUG1) and thymine DNA glycosylase (TDG) . AID-deficient PGCs have impaired global DNA demethylation and active markers of the BER pathway are transiently detected at E11.5 in developing PGCs, in which genome-wide epigenetic reprogramming occurs (Hajkova et al., 2010; Popp et al., 2010) , suggesting that BERmediated active DNA demethylation is involved in global DNA demethylation in developing PGCs. Because levels of DNA demethylation in AID-deficient PGCs are significantly lower than that in somatic cells, an alternative mechanism might exist for global DNA demethylation in the absence of AID functions (Popp et al., 2010) . We have previously shown that several essential enzymes and modulators for DNA methylation and H3K9 methylation, including Dnmt3a, Dnmt3b, Uhrf1 and Glp (Ehmt1 -Mouse Genome Informatics), were specifically repressed in PGCs Seki et al., 2005; Seki et al., 2007; Yabuta et al., 2006) . Considering these findings and the cell cycle dynamics of PGCs, we hypothesised that a passive mechanism modulated genome-wide epigenetic reprogramming in developing PGCs. In this article, to elucidate the molecular mechanisms for genome-wide epigenetic reprogramming in PGCs, we investigated the dynamics of epigenetic modifications in transposable elements. We found that CpG methylation was significantly decreased in migrating PGCs in short interspersed nuclear elements (SINEs), but not in long interspersed nuclear element-1 (LINE-1). By contrast, CpG methylation was efficiently demethylated in SINEs and LINE-1 in gonadal PGCs at ~E11.5. Hairpin bisulphite analysis, which defines DNA strand-specific CpG methylation, showed that the frequency of strand-biased hemimethylation in LINE-1 was gradually increased in PGCs between E9.5 and E11.5. Furthermore, DNA demethylation of transposable elements (TEs) was significantly disturbed in Cbx3-deficient PGCs, indicating an abnormality in the G1 to S phase transition (Abe et al., 2011) . Our data demonstrated that rapid proliferation of PGCs accompanying active repression of Uhrf1 and Glp promotes genome-wide DNA demethylation through a passive mechanism.
MATERIALS AND METHODS

Isolation of mouse embryos and purification of PGCs
All animals were treated with appropriate care according to the ethics guidelines of RIKEN, Kwansei-Gakuin University and Kanazawa University. Embryos were isolated in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal calf serum (FCS; Stem Cell Science). At noon, when the vaginal plugs of mated females were identified, the score was recorded as E0.5. Embryonic fragments containing PGCs from Dppa3-EGFP or Oct-3/4 ΔPE transgenic embryos at E8.5, E9.5, E10.5, E11.5 and E12.5 were dispersed into single cells by incubating with 0.25% trypsin, 0.5 mM EDTA in PBS. Enhanced green fluorescent protein (EGFP)-positive PGCs were sorted using a fluorescence-activated cell sorter, BD FACSAria (BD Bioscience) or JSAN (Bay Bioscience).
DNA methylation analysis
Bisulphite sequencing of PGCs was performed using a Methylamp Whole Cell Bisulphite Modification Kit (EPIGENTEK) following the manufacturer's conditions. For embryonic stem cells (ESCs), genomic DNA was isolated using the Wizard SV Genomic DNA Purification System (Promega), and bisulphite reactions were performed using a BisulFast DNA Modification Kit (TOYOBO), following the manufacturer's instructions. PCR primers used in this study are listed in supplementary material Table  S1 . PCR products were subcloned into the pGEM-T Easy vector (Promega) and sequenced.
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as previously described (Tachibana et al., 2008) . For PGCs, we used 1000 cells per antibody as the starting material. The following antibodies were obtained from the indicated sources: rabbit antiH3K9me1 (Upstate, 07-450), rabbit anti-H3K9me2 (Upstate, 07-212), rabbit anti-H3K9me3 (Upstate, 07-442), rabbit anti-H3K27me1 (Upstate, 07-448), rabbit anti-H3K27me2 (Upstate, 07-452), rabbit anti-H3K27me3 (Upstate, 07-449), rabbit anti-H3K4me2 (Upstate, 07-030), rabbit antiH3K4me3 (Upstate, 07-473) and rabbit anti-H3 (Abcam, ab1791). For quantification of precipitated DNA, we performed real-time PCR analysis using the primers listed in supplementary material Table S1 .
RNA expression analysis
Total RNA from PGCs and ESCs were extracted using RNeasy Micro Kit (QIAGEN) and Trizol (Invitrogen), respectively. ReverTra Ace qPCR RT Kit (TOYOBO) was used for cDNA synthesis, following the manufacturer's instructions. Subsequently, cDNA was used as template for RT-qPCR using a Thermal Cycler Dice Real Time System (TaKaRa) and Thunderbird SYBR qPCR Mix (TOYOBO) with gene-specific primers (supplementary material Table S1 ).
Whole-mount immunofluorescence analysis
Whole-mount immunofluorescence analysis was performed as previously described (Seki et al., 2005) . The following antibodies were used at the indicated dilutions and obtained from specific sources: rabbit anti-DNMT1 (1/10, Santa Cruz Biotechnology, sc-20701); mouse anti-DNMT3A (1/300, Abcam, ab13888); mouse anti-DNMT3B (1/300, Abcam, ab13604); rat anti-GFP (1/500, Nacalai, 04404-84); mouse anti-PCNA (1/50, Santa Cruz Biotechnology, sc-56); rabbit anti-OCT-3/4 (1/300, Santa Cruz Biotechnology, sc-9081); and rat anti-UHRF1 (1/250, MBL, D289-3). The following secondary antibodies from Molecular Probes were used at 1/500: Alexa Fluor 488 goat anti-rat IgG, Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 568 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rat IgG.
Cell culture
Dnmt-deficient ESCs were kindly provided by M. Okano of RIKEN CDB. Uhrf1-deficient ESCs were a generous gift from H. Koseki of RIKEN RCAI. Cells were cultured in feeder-free conditions in Glasgow Minimum Essential Medium (GMEM) (WAKO) containing 10% FCS (Invitrogen), 1 mM glutamine (WAKO), nonessential amino acids (WAKO) and 0.1 mM mercaptoethanol (WAKO), and supplemented with leukemia inhibitory factor (LIF; WAKO).
Hairpin bisulphite sequencing
Hairpin bisulphite sequencing analysis was carried out as described by Laird et al., with minor modifications (Laird et al., 2004) . Genomic DNA was cleaved by BstXI at 45°C overnight. Hairpin linkers were ligated to BstXIcleaved genomic DNA. The DNA was denatured in 0.6 M NaOH at 42°C for 20 minutes, followed by incubation at 100°C for 1 minute before the addition of a sodium bisulphite solution. The mixture was incubated at 99°C for 2 minutes and then at 55°C for 45 minutes, and this cycle was repeated six times. Subsequently, the mixture was purified by using a SV Gel and PCR Clean Up System (Promega), desulphonated with 0.3 M NaOH at 37°C for 20 minutes, and precipitated using ethanol. Bisulphite DNA was amplified using the primers listed in supplementary material Table S1 . The PCR products were subcloned into the pGEM-T Easy vector (Promega) and sequenced.
RESULTS
DNA methylation profiling of TEs in developing PGCs
We previously demonstrated dynamic changes in genome-wide epigenetic modifications associated with G2 cell cycle phase arrest during early PGC development (Seki et al., 2005; Seki et al., 2007) (Fig. 1A) . Whole-mount immunofluoresence analysis using a 5mC antibody showed that global levels of DNA methylation were
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Development 140 (14) reduced in a two-step manner during PGC development (Seki et al., 2005 methylation status of SINEs and LINE-1 in developing PGCs isolated by cell sorting of Dppa3-EGFP-positive cells (Payer et al., 2006) . Bisulphite sequencing analysis clearly demonstrated distinct dynamics of CpG methylation of SINEs and LINE-1 during PGC differentiation (Fig. 1C ). DNA methylation of SINE B1, except on CpG1, was completely erased in PGCs until E8.5, when PGCs had just entered the embryo proper from the extraembryonic mesoderm. The levels of SINE B2 CpG methylation were gradually reduced in PGCs at E8.5-E9.5. By contrast, CpG methylation of LINE-1 was resistant to DNA demethylation mechanisms that occur in migrating PGCs. DNA methylation levels in SINEs and LINE-1 were abruptly decreased in PGCs between E9.5 and E10.5, during which time PGCs rapidly reproliferate ( Fig. 1C ) (Seki et al., 2007) . These results raised the possibility that two distinct molecular mechanisms of DNA demethylation exist in PGCs in the migration (~E6.5-E8.5) and gonadal (~E9.5) periods.
Histone methylation profiling of TEs in developing PGCs
DNA methylation is closely linked to H3K9 methylation (Dong et al., 2008; Tachibana et al., 2008) , and we have previously shown that migrating PGCs erase and increase genome-wide H3K9me2 and H3K27me3 marks, respectively (Seki et al., 2005; Seki et al., 2007) . We also performed ChIP analysis for major histone methylations, namely H3K4, H3K9 and H3K27, on TEs in epiblast cells, PGCs and somatic cells. Although the small amount of sample obtained from PGCs made it difficult to carry out ChIP analysis, SINEs and LINE-1 were widely distributed throughout the mouse genome (Fig. 1B) , and our SINEs and LINE-1 ChIP primer sets were detected in ~1000-10,000 copies of these elements in developing PGCs (supplementary material Fig. S1 ).
To establish positive controls for ChIP analysis by using antiH3K9me2, -H3K27me1/H3K27me3, -H3K27me3 and -H3K4me2/3 antibodies, we first analysed ESCs using primer sets against Magea2, major satellite, Hoxb1 and Oct-3/4 (Pou5f1 -Mouse Genome Informatics), respectively (supplementary material Fig. S2 ) (Agger et al., 2007; Feldman et al., 2006; Martens et al., 2005; Tachibana et al., 2002) . We applied the precipitation efficiency of our positive control against each antibody to evaluate the enrichment of each histone methylation. According to these criteria, in epiblast cells, which are a source of both PGCs and somatic cells, H3K9me2 was enriched in SINEs and LINE-1 ( Fig. 2A) , and H3K9me2 in TEs consistently increased during differentiation from epiblast cells to somatic cells. By contrast, we found that H3K9me2 was significantly reduced in SINEs and slightly but non-significantly reduced in LINE-1 elements in PGCs compared with those in epiblast cells. Moreover, H3K27me1 levels in TEs were reduced in PGCs between E9.5 and E11.5, whereas the H3K27me2/3 levels in TEs were relatively increased in developing PGCs. Furthermore, H3K4me3 levels were consistently reduced on SINEs and LINE-1 in somatic cells but not in developing PGCs. Collectively, these results demonstrated that repressive modifications of TEs, namely DNA methylation and H3K9 dimethylation, are reprogrammed in an orderly manner during early PGC development (Fig. 2B) . We proceeded to analyse whether dynamic epigenetic modifications of TEs affect transcriptional activity. Surprisingly, DNA methylation and H3K9me2 on SINEs were completely absent in gonadal PGCs, whereas the transcription levels of SINEs were relatively comparable to those in surrounding somatic cells. By contrast, the expression of LINE-1 was significantly increased in step with the 2895 RESEARCH ARTICLE Passive demethylation in PGCs reduction in the DNA methylation of LINE-1 5ЈUTR in gonadal PGCs (Fig. 2C) .
Active repression of GLP might be involved in the demethylation of H3K9me1/2 in developing PGCs
We previously showed that GLP, a critical component of protein complexes regulating H3K9 methylation, is repressed in migrating PGCs at E7.75 (supplementary material Fig. S3 ) (Seki et al., 2007) . To determine whether GLP participates in H3K9 dimethylation in SINEs and LINE-1, we compared the levels of TE histone methylation in wild-type and Glp-deficient ESCs. The levels of H3K9me1/2 in SINEs were consistently decreased in Glp-deficient ESCs. Although we also found a slight reduction of H3K9me1/2 levels on LINE-1, H3K9me2 was still enriched in LINE-1 in Glp knockout (KO) ESCs, suggesting that GLP and another enzyme cooperate to confer H3K9me2 on LINE-1 in ESCs, a fact consistent with a slight reduction of H3K9me2 in LINE-1 in developing PGCs. Abrogation of G9a, an essential partner of GLP for H3K9 monoand dimethylation, is associated with a significant reduction in DNA methylation in ESCs of long terminal repeat (LTR) transposons, intracisternal A particle (IAP) and major satellite repeats, but not of LINE-1 (Dong et al., 2008) . Moreover, consistent with previous reports, CpG methylation levels of SINEs and LINE-1 are maintained in Glp-deficient ESCs (Fig. 3B) . Collectively, these findings suggest that active repression of GLP results in a reduction of H3K9me1/2 in SINEs and LINE-1 in migrating PGCs.
Loading of DNMT1 at replication foci is disturbed in late but not early PGCs
We previously showed that nascent PGCs proliferate rapidly until E7.25, after which time the majority of PGCs enter transient G2 cell cycle arrest from E7.75 to E8.75 (Fig. 1A) (Seki et al., 2007) . The timing of genome-wide DNA demethylation in PGCs during the migration and gonadal periods is consistent with the stages in which PGCs undergo active proliferation. Although whole-mount immunofluorescence analysis showed that DNMT1 was consistently expressed in developing PGCs, we did not observe punctate localisation of DNMT1, which represents the recruitment of DNMT1 to replication foci, in PGCs at E10.5 (supplementary material Fig. S3A ). Our single-cell microarray analysis showed that the expression of Uhrf1, a guidance factor involved in the loading of DNMT1 at replication sites (Sharif et al., 2007) , was specifically repressed in PGCs after E7.5 . To determine whether specific repression of Uhrf1 was maintained during PGC development, we analysed the mRNA levels of Uhrf1 in epiblast cells, PGCs and somatic cells by qRT-PCR. Consistently low levels of Uhrf1 expression were observed in developing PGCs until E11.5 (Fig. 4A) . To monitor the UHRF1 protein levels in PGCs, we performed whole-mount immunofluorescence analysis using an anti-UHRF1 antibody. Prdm1-mVENUS transgenic embryos were used to visualise the nascent PGCs using membrane-targeted VENUS (Ohinata et al., 2005) ; non-transgenic embryos stained using an anti-OCT4 antibody were used to visualise migrating and gonadal PGCs (Yamaji et al., 2008) . Germ cells weakly positive for Prdm1 retained UHRF1 expression as seen in the surrounding somatic cells, whereas UHRF1 expression was slightly reduced in germ cells strongly positive for Prdm1, and it was subsequently completely lost in developing PGCs between E8.5 and E11.5 (Fig. 3B) . In the middle of S phase of the cell cycle, the site of DNA synthesis can be visualised by PCNA in pericentric heterochromatin together with dense Hoechst staining (supplementary material Fig. S4 ). Consistent with previous reports, DNMT1 accumulated in the replicating pericentric heterochromatin region in wild-type ESCs, but little or no enrichment of DNMT1 was observed in the replicating pericentric heterochromatin regions in Uhrf1-deficient ESCs (Sharif et al., 2007) . To examine whether the loss of UHRF1 expression disturbed the accumulation of DNMT1 in replicating heterochromatic regions in developing PGCs, we analysed the nuclear distribution of DNMT1 by whole-mount immunofluorescence analysis with anti-GFP, -DNMT1 and -PCNA antibodies in Prdm1-mVENUS and Dppa3-EGFP transgenic embryos. At the late-streak (LS) stage (E6.75) and the
RESEARCH ARTICLE
Development 140 (14) mid-bud (MB) stage (E7.5), when PGCs proliferate rapidly (first proliferation phase) prior to entering G2 cell cycle arrest (Seki et al., 2007) , we observed significant accumulation of DNMT1 at DNA synthesis sites in the middle of S phase in PGCs (Fig. 4B) . The expression of UHRF1 was low in migrating PGCs until E8.5; however, the majority of migrating PGCs entered G2 cell cycle arrest, which suggests that passive demethylation does not occur in migrating PGCs. Our previous study showed that PGCs reproliferate rapidly (second proliferation phase) after E9.5 (Seki et al., 2007) . At the second proliferation phase of PGCs, DNMT1 exhibited a diffuse localisation pattern in PGCs at E9.5 and E10.5 (Fig. 4B) . In concert, these findings suggest that the specific repression of UHRF1 disrupts the loading of DNMT1 at PGC replication sites after E9.5.
High frequency of strand-biased LINE-1 hemimethylation in developing PGCs
Because disruption of DNMT1 loading at the replication site was anticipated to result in strand-biased hemimethylation of CpG sites, we monitored the hemimethylation status of LINE-1 using hairpin bisulphite sequencing analysis, which indicates the extent of methylation symmetry between complementary DNA strands (Fig. 5A,B ) (Laird et al., 2004) . Consistent with previous reports, the total methylation rate of CpG sites on LINE-1 was decreased in Uhrf1-deficient ESCs (Fig. 5C,D) (Sharif et al., 2007) . Unexpectedly, we observed a relatively high frequency (22.3%) of LINE-1 CpG hemimethylation in wild-type ESCs. This observation suggested that the maintenance error of CpG methylation on LINE-1 during DNA replication often occurs in the cultivation of wild-type ESCs, which was consistent with a recent study . The frequency of hemimethylated LINE-1 CpG sites was significantly increased in Uhrf1-deficient ESCs (Fig. 5E ). In the case of passive DNA 2897 RESEARCH ARTICLE Passive demethylation in PGCs demethylation associated with DNA replication, maintenance methylation of newly synthesised CpG sites does not occur, resulting in strand-biased hemimethylation of LINE-1. Therefore, we compared the frequency of strand-biased and unbiased hemimethylated clones in wild-type and Uhrf1-deficient ESCs. We found a high frequency of strand-biased hemimethylated clones of LINE-1 in Uhrf1-deficient ESCs compared with those in wild-type ESCs (Fig. 5F ). In Uhrf1-deficient ESCs, the frequency of fully methylated clones on LINE-1 decreased with the elevation of frequency of non-methylated clones on LINE-1. These results provide evidence that hairpin bisulphite sequencing analysis can monitor the appearance of strand-biased hemimethylation accompanying the loss of Uhrf1 in ESCs.
We next applied hairpin bisulphite sequencing analysis of LINE-1 in developing PGCs. Because PGCs are specified from the most proximal epiblast cells at ~E6.0-E6.75, we first monitored hemimethylation of CpG sites of LINE-1 in epiblast cells at the LS stage (E6.75). In epiblast cells, CpG sites on LINE-1 were heavily methylated and the frequency of strand-biased hemimethylated clones was low (Fig. 6A-C) . LINE-1 CpG methylation patterns in somatic cells were similar to those in epiblast cells. In the case of PGCs, the percentage of total CpG methylation was decreased, accompanying the elevation of the percentage of total CpG hemimethylation in gonadal PGCs from E10.5 to E11.5 (Fig. 6B) . In particular, the frequency of strand-biased hemimethylated clones in PGCs was significantly elevated from E10.5 to E11.5, raising the possibility that the maintenance of CpG methylation of LINE-1 was disturbed in PGCs from E10.5 to E11.5 (Fig. 6C) .
Abnormalities in global DNA demethylation in
Cbx3-deficient PGCs
We have previously shown that the loss of Cbx3 severely impairs G1 to S phase progression in developing PGCs (Abe et al., 2011) . To determine whether the rapid proliferation of PGCs is involved in global DNA demethylation, we compared the DNA methylation states of TEs and imprinted loci in wild-type and Cbx3-deficient PGCs at E11.5. Consistent with the data shown in Fig. 1C , SINE B1 and B2 CpG methylation was undetectable in wild-type PGCs at E11.5. Interestingly, Cbx3-deficient PGCs had substantially higher levels of SINE B1 and B2 CpG methylation than did wild-type PGCs. DNA methylation levels of both SINE B1 and B2 in Cbx3-deficient PGCs were comparable to those in epiblast cells ( Fig. 1C;  Fig. 7A ), clearly indicating that the erasure of SINE DNA methylation is severely impaired in Cbx3-deficient PGCs. The impairment of DNA demethylation in Cbx3-deficient PGCs was also observed in LINE-1. By contrast, the erasure of genomic imprints was normal in Cbx3-deficient PGCs (Fig. 7B) .
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DISCUSSION
Global DNA demethylation in migrating PGCs
Here, we have carried out the first comprehensive analysis of DNA and histone methylation profiles on TEs in developing PGCs. Our previous whole-mount immunofluorescence analysis showed that global DNA demethylation occurred at two distinct stages in PGC development during migration and gonadal periods (Seki et al., 2005) . Until recently, although the DNA methylation status of imprinted loci and TEs in gonadal PGCs has been extensively analysed (Guibert et al., 2012; Hajkova et al., 2002; Popp et al., 2010) , DNA methylation analysis in migrating PGCs has been limited to immunostaining with an antibody against 5mC, and genomic sequences targeted for demethylation in migrating PGCs have not been identified. A recent report uncovered a global DNA demethylation in migrating PGCs by whole-genome bisulphite sequencing analysis up to E9.5 (Seisenberger et al., 2012) . Consistent with this study, our results clearly demonstrate that CpG methylation in SINEs are targets for global DNA demethylation in migrating PGCs. Furthermore, our data confirm that significant reduction of CpG methylation in SINEs occurs in migrating PGCs up to E8.5, which is consistent with our previous immunofluorescence analysis and bisulphite analysis of individual loci (Guibert et al., 2012; Seki et al., 2005) . The current study, as well as our previous study, strongly supports the idea that global DNA demethylation takes place in migrating PGCs until E8.5. Given that CpG methylation of SINEs is eventually completely erased in gonadal PGCs, SINE demethylation in migrating PGCs might be necessary for the early differentiation of PGCs during migrating periods. Interestingly, the reactivation of pluripotencyassociated genes such as Nanog, Klf2 and Dppa3 occurs in PGCs at early migrating periods, soon after the specific repression of Dnmt3b transcription Yabuta et al., 2006) . Generally, SINEs are extremely low in the PolII promoter region, whereas we have previously shown that SINEs are significantly enriched in the promoter region of germline-specific genes, including Nanog, Klf2 and Dppa3 (Ichiyanagi et al., 2011) . We hypothesised that the erasure of DNA methylation on SINEs dispersed across genome is sufficient for the complete activation of early PGC markers in migrating PGCs. Consistent with our hypothesis, a recent study showed that CpG methylation on SINElike sequences commonly distributed in Ifitm1, Prdm1 and Dppa3 are consistently erased in migrating PGCs (Mochizuki et al., 2012) .
Specific repression of an essential factor for DNA and H3K9 methylation
Whole-mount immunofluorescence analysis was performed to determine the precise timing of the repression of essential factors 2899 RESEARCH ARTICLE Passive demethylation in PGCs for DNA and H3K9 methylation in nascent PGCs, including DNMT3A, DNMT3B, UHRF1 and GLP. Several previous studies have shown that the loss of these factors is associated with replication-dependent passive DNA demethylation (Chen et al., 2003; Dong et al., 2008; Sharif et al., 2007) . Although specifying PGCs proliferate rapidly, they enter G2 cell cycle arrest between E7.75 and E9.0, after which time they resume proliferation (Seki et al., 2007) . The timing of SINEs and LINE-1 DNA demethylation coincides with the active proliferation phase of PGCs. In addition, protein levels of DNMT3B and UHRF1 are gradually decreased in nascent PGCs during the first phase of PGC proliferation at E6.25-E7.5. We observed the reduction of DNA methylation on SINEs, but not on LINE-1, in Dnmt3b KO ESCs (N.O., K. Ebi and Y.S., unpublished data), which suggests that the dependency on DNMT3B of the maintenance of DNA methylation on SINEs is stronger than that on LINE-1 during DNA replication. Accordingly, we considered that the complete absence of DNMT3B and the slight reduction of UHRF1, coupled with the rapid proliferation of PGCs, is involved in passive DNA demethylation of SINEs, but not LINE-1, in nascent PGCs. By contrast, DNMT3A, DNMT3B, UHRF1 and GLP proteins are undetectable in gonadal PGCs during the second phase of PGC proliferation after E9.5, which might result in the induction of passive DNA demethylation of both SINEs and LINE-1 (Fig. 7C ).
H3K9 demethylation in migrating PGCs
Our ChIP analysis of developing PGCs indicated that H3K9me1/2 marks in SINEs and LINE-1 are substantially erased during their development until E9.5. Changes in H3K9 methylation in SINEs and LINE-1 in developing PGCs are similar to those in Glp KO ESCs, which suggests that active repression of GLP expression triggers global H3K9 demethylation in developing PGCs. G9a is an essential partner of GLP in the H3K9 methylation complex, and it is required for the maintenance in ESCs of DNA methylation in the promoter regions of germline-specific genes and the Rhox gene cluster, which are expressed in developing PGCs (Daggag et al., 2008; Dong et al., 2008; Myant et al., 2011) . Considering these findings, we speculate that the repression of GLP expression establishes the primed state of transcription of germline-specific genes in developing PGCs, allowing germ cells derived from PGCs to fully activate germlinespecific genes during further differentiation.
The role of PGC proliferation in DNA demethylation in PGCs Alkaline phosphatase staining, the classical method for counting PGC numbers, indicated that the doubling time of PGCs is about Development 140 (14) 16 hours and that developing PGCs continually increase in number (Tam and Snow, 1981) . By contrast, the erasure of genomic imprinting occurs at specific periods in which PGCs enter the embryonic gonad, leading us to suggest that the active mechanisms of DNA demethylation induced by the gonadal environment are involved in the erasure of genomic imprinting, which is independent of DNA replication in PGCs (Hajkova et al., 2002) . However, our previous study showed that the doubling time of developing PGCs is not constant (Seki et al., 2007) . Whereas nascent PGCs proliferate rapidly until E7.25, the majority of the migrating PGCs are in the G2 phase of the cell cycle, and they reenter the proliferation phase after E9.5, which coincides with the arrival of PGCs at the genital ridges. Interestingly, G2 cell cycle arrest was also observed in primordial germ cell-like cells (PGCLCs) generated from ESCs in vitro (Hayashi et al., 2011) , suggesting that intrinsic molecular programmes regulate G2 cell cycle arrest in migrating PGCs, and that extrinsic cues from the gonadal environment relieve the cell cycle arrest of PGCs.
RESEARCH ARTICLE
The relationship between passive demethylation and active demethylation in PGCs Hajkova et al. suggested that because the majority of PGCs exist in the G2 phase of the cell cycle, gonadal PGCs undergo global DNA demethylation without DNA replication at E11.5 (Hajkova et al., 2008). However, we and other research groups have shown that PGCs continue to proliferate rapidly from E10.5 to E12.5, and we were unable to detect G2 cell cycle arrest in gonadal PGCs (Kagiwada et al., 2013; Western et al., 2008) . Recently, we showed that replication-coupled passive DNA demethylation of genomic imprints might be induced by rapid cycling with the reduction of UHRF1 protein levels in PGCs (Kagiwada et al., 2013) . In this previous study, we carefully analysed the cell cycle and localisation of DNMT1 in gonadal PGCs after E10.5. Our current study demonstrates that DNMT1 is localised at replication foci in nascent PGCs until E7.5, whereas a diffuse localisation of DNMT1 in nucleoplasm at mid-late S phase was observed in PGCs after E9.5. Furthermore, hairpin-bisulphite sequencing of LINE-1 in wild-type PGCs and DNA methylation analysis of Cbx3-deficient PGCs, showing severe inhibition of G1/S progression, support the existence of replication-coupled passive DNA demethylation. Seisenberger et al. also monitored hemimethylated CpG on LINE-1 by hairpin bisulphite sequencing analysis (Seisenberger et al., 2012) . Our data showed the elevation of the frequency of strandspecific hemimethylated clones in PGCs from E10.5 to E11.5, and a substantial number of hemimethylated CpG sites was observed in PGCs at E9.5 and E10.5 in a recent study (Seisenberger et al., 2012) .
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Our primer set in hairpin bisulphite sequencing amplified a shorter region of LINE-1 5ЈUTR than that used in the previous study. Therefore, it is possible that our primer set preferentially amplified the truncated form of LINE-1, which might have caused the differences between the two studies. The total number of cell divisions was lower in Cbx3-deficient PGCs than in wild-type PGCs from E7.75 to E11.5 (Abe et al., 2011) . The DNA demethylation impairment in LINE-1 was consistent with the reduction in cell division in Cbx3-deficient PGCs. However, the severity of impairment of DNA demethylation in SINEs in Cbx3-deficient PGCs was high, suggesting the direct role of CBX3 in DNA demethylation on SINEs of migrating PGCs, in addition to cell cycle regulation. Further detailed studies are required to elucidate the abnormality of DNA demethylation in Cbx3-deficient PGCs.
Progeny derived from Tet1/Tet2-deficient mice showed increased methylation levels at differentially methylated regions (DMRs) of the imprinting locus, which might be caused by impaired erasing of genomic imprinting in Tet1/Tet2-deficient PGCs (Dawlaty et al., 2013) . Furthermore, both single knockout of Tet1 in PGCs and dual knockdown of Tet1/Tet2 in PGCLCs showed that TET1 and TET2 are required for substantial DNA demethylation of germline-specific genes (Hackett et al., 2013; Yamaguchi et al., 2012) . Results of the Development 140 (14) current study as well as our previous study provide evidence that DNA demethylation in LINE-1 depends on DNA replication in the PGCs (Kagiwada et al., 2013) , whereas the impairment in DNA demethylation observed in Tet1/Tet2-knockdown PGCLCs was associated with cell cycle arrest (Hackett et al., 2013) . These findings suggest that both active and passive mechanisms act within the same loci, such as LINE-1, in PGCs. We considered that the impairment of DNA demethylation caused by loss of the candidate molecules for active DNA demethylation (such as Tet1/Tet2 knockout) would be compensated for by passive demethylation in PGCs (Dawlaty et al., 2013) . We conclude that not only the loss-offunction experiments in PGCs or PGCLCs but also the reconstitution of the molecular pathway of active DNA demethylation in epiblast-like cells (EpiLCs), which are PGC precursors, are necessary to elucidate the epigenetic network of DNA demethylation associated with PGC development.
